The aggregation behavior of an amphiphilic supramolecular system, with potential application as a tumor-specific magnetic resonance imaging contrast agent, has been studied in detail by dynamic light scattering, small-angle neutron scattering and cryotransmission electron microscopy. The system was constituted of mixed aggregates formed by an anionic unimer containing the DTPAGlu, a chelating agent for the paramagnetic Gd 31 ion, and an uncharged unimer containing the bioactive peptide CCK8, capable of directing the assembly toward tumor cells. Mixed aggregates formed by both unimers, and in the case of the DTPAGlu unimer with the chelating agent as free base or as Gd 31 complex, have been investigated. A number of interesting features of the aggregation behavior were revealed: at physiological pH, micelles and bilayer structures were present, whereas upon decreasing solution pH or increasing ionic strength, the formation of bilayer structures was favored. On the basis of the above observations, the aggregating mechanism has been elucidated by considering the screening effect on intra-and interaggregate electrostatic repulsions.
INTRODUCTION
During the last years, medical MRI has become one of the most efficient diagnostic techniques. This progress has been largely supported by the use of contrast agents that improve the contrast and have highly resolved images. Currently, ;30% of all MRI images are obtained using contrast agents, and this use is increasing (1) .
In general, the contrast comes from local differences in spin relaxation time along longitudinal (T 1 ) and transverse (T 2 ) planes of the main magnetic field applied to the specimen.
In current medical diagnostics, the most frequently used contrast agents are T 1 agents, and among these, due to its high number of unpaired electrons, the Gd 31 , in its complexed form Gd-DTPA (Gd-diethylenetriaminepentaacetate, commercial name Magnevist), is the most diffused.
The Gd 31 enhances MRI contrast by shortening the longitudinal relaxation time of the water protons present in its coordination sphere. This is generally expressed as proton relaxivity (r 1 ), which defines the increase in longitudinal water proton relaxation rate per millimolar concentration of Gd 31 . The relaxivity might be theoretically increased to .100 mM À1 s À1 for monohydrated chelates compared to 4.5 mM À1 s À1 of the Gd-DTPA commercial complex when electron-spin relaxation, water exchange, and rotation are simultaneously optimized. Namely, the electron-spin relaxation, is difficult to modify on a rational basis. Tuning the water exchange rate to the optimal value (k ex ¼ 10 8 s À1 ) is also problematic (2) . Thus, the most modifiable factor is the rotation of the complex, which has to be slow enough to enhance the relaxivity value. Commonly, this has been achieved by assembling gadolinium complexes with macromolecules. With this aim, numerous potential contrast agents have been proposed, including dendrimers (2), polymers (3), proteins (4), water-gadofullerenes (5) , and supramolecular amphiphilic aggregates such as micelles (6) and liposomes (7) .
In most of the above systems, the contrast agents were designed to enhance their half-life in blood, and to improve their tissue perfusion or excretion (8) and their relaxivity value. None of the proposed systems has been accomplished with a view to increasing specificity. In fact, an ideal MRI contrast agent should increase the signal intensity at the target site and at the same time lower the signal intensity in the vascular space, thus eliminating the disadvantageous value of the background.
Some attempts to attain tumor-specific MRI contrast agents have been made using the pH (9) or enzymatic activity (10) at the tumor site. However, studies reveal that the pH of the tumor site may differ from person to person, and in the latter case, a model enzyme was used, not a tumor-specific enzyme. More promising, it seems, would be the use of a bioactive molecule, such as a peptide or an antibody, capable of delivering the active principles to target cells.
In recent years, with the aim of increasing the relaxivity and specificity of contrast agents, we have proposed mixed amphiphilic aggregates containing a derivative of DTPAGlu (polydentate chelating agent for the Gd 31 ) and the bioactive peptide CCK8, able to target the cell assembly. The first unimer is constituted by an alkylic moiety bound, through a lysine residue, to the DTPAGlu (11) . The second contains the same alkylic moiety bound, through an oxyethylene glycol spacer, to the C-terminal cholecystokinin octapeptide amide (CCK 26-33 or CCK8) (12) .
The choice of the CCK8 peptide is based on the knowledge that this peptide displays high affinity for both membrane cholecystokinin receptors, CCK A -R and CCK B -R (13) . Both CCK A -R and CCK B -R are very consolidated targets due to their overexpression in many tumors: CCK A -R is overexpressed in pancreatic cancer, and CCK B -R is found in smallcell lung cancer, colon and gastric cancers, medullary thyroid carcinomas, astrocytomas, and stromal ovarian tumors (14) .
A first attempt was carried out with single-tailed molecules that self-assemble in spherical micelles (6) . Although the relaxivity values measured on these were very encouraging (17.5 mM À1 s À1 for the binary system and 18.7 mM À1 s À1 for the mixed system), the large number of free unimers (cmc ;10 À5 mol kg À1 ) present in the system was judged unsuitable for medical purposes. Furthermore, the length of the oxyethylene glycol spacer in the peptide unimer was not found to guarantee an efficient exposure of the CCK8 beyond the aggregate surface.
Thus, to form micelles with significantly lower cmc values (;10 À7 mol kg À1 ) and long-lived aggregates such as bilayer structures, we have redesigned the molecules with a double C18 alkyl tail. Recently, we presented a detailed characterization of only the aggregates formed by the double-tailed DTPAGlu unimer (15) . Here, we extend the characterization to the mixed supramolecular aggregates in which a selective agent has been added. We have carried out several attempts to optimize the design of the CCK8 unimer, varying the length of the spacer situated between the double tail and the CCK8. In fact, the spacer should be long enough to assure an efficient exposure of the peptide on the surface of the aggregate, as mentioned above, and at the same time short enough to favor vesicle formation (16) . Therefore, we have studied the systems containing the supramolecular aggregates (C18) 2 DTPAGlu-(C18) 2 L5CCK8 and (C18) 2 DTPAGlu (Gd)-(C18) 2 L5CCK8, in which the spacer (L5) consists of 5 units of 8-amino-3,6-dioxaoctanoic acid, and we recently reported the relaxometric characterization of Gd 31 containing mixed aggregates (17) . In this article, we present a detailed physicochemical characterization of these supramolecular aggregates; the effect on aggregation behavior with respect to pH and ionic strength also has been investigated, due to the variety of environmental conditions the contrast agents experience.
EXPERIMENTAL

Materials
The surfactants used in this work, (C18) 2 DTPAGlu or its gadolinium complex (C18) 2 DTPAGlu(Gd) and (C18) 2 L5CCK8 ( Fig. 1 ), were synthesized in solid phase under standard conditions using Fmoc strategy, as reported elsewhere (17) . All other chemicals were commercially available from Sigma Aldrich (St. Louis, MO), Fluka (Buchs, Switzerland), or LabScan (Stillorgan, Dublin, Ireland) and were used as received unless otherwise stated. All solutions were prepared by weight with doubly distilled water. Samples to be measured by the FT-PGSE-NMR and SANS techniques were prepared using heavy water (Sigma Aldrich, purity .99.8%).
Sample preparation
All solutions were prepared by weight, buffering the samples at a defined pH value in the 3.0-7.4 range. Two different buffer solutions were used: a 0.10 M phosphate buffer for pH 7.4 and a 0.10 M citric acid/phosphate buffer for lower pH values. pH measurements were made using pH-meter MeterLab PHM 220. The samples were prepared by dissolving the unimers in a small amount of an organic solvent (methanol/ chloroform ¼ 50:50 mixture), and subsequently evaporating the solvent by slowly rotating the tube containing the solution under a stream of nitrogen. In this way, a thin film of amphiphile was formed. After leaving the film under reduced pressure for several hours, the organic solvent was evaporated. The film was then hydrated by adding the buffer solution in the vial and stirred for 1 h by vortex. The product successively underwent sonication for 3À4 h to yield small and multilamellar vesicles, and finally was extruded 11 times through a polycarbonate membrane with 100-nm pore size to obtain large and unilamellar vesicles. Aggregate solutions containing NaCl (0.9 wt %) were prepared in a similar way. In all cases, for ternary systems, the imposed molar ratio chosen between the two solutes, (C18) 2 DTPAGlu (or its gadolinium complex (C18) 2 DTPAGlu(Gd)) and (C18) 2 L5CCK8, was 70:30.
Self-diffusion measurements
PGSE-FT 1 H NMR experiments for determination of selfdiffusion coefficients were performed on a 600 MHz Bruker Avance spectrometer (Bruker, Madison, WI). 1 H NMR diffusion measurements were performed using a stimulated echo sequence with bipolar gradient pulses (18) . For a system of monodisperse diffusing particles, the normalized PGSE-NMR echo signal, I, is given by:
). g is the magnetogyric ratio of the proton, d is the duration of the field-gradient pulses, and D, the diffusion time, is the distance between the leading edges of the gradient pulses. In this work, echo delays were kept constant so that the relaxation effect would not be accounted for; diffusion time was set to 100 ms and the pulsed gradients, with a duration of 8 ms, were incremented from 2% to 95% of the maximum strength in 16 spaced steps. The sample temperature was controlled at 25.1 6 0.1°C during measurements by passage of controlled-temperature air through the sample holder.
Dynamic light scattering
The setup for the dynamic light scattering measurement was an ALV/DLS/SLS-5000F, CGF-8F based compact goniometer system (ALV-GmbH, Langen, Germany). The light source was constituted by a CW diode-pumped Nd:YAG solid-state Compass-DPSS laser with a symmetrizer from Coherent(Santa Clara, CA). It operated at 532 nm with a fixed output power of 400 mW. The laser intensity could be modulated by an external compensated attenuator from Newport (Irvine, CA). A more detailed description about the instrumentation can be found in the literature, with the difference that cis-decahydronaphtalene was used instead of toluene as a refractive index matching liquid (19) .
Small-angle neutron scattering
SANS measurements were performed at the V4 facility of the Hahn and Meitner-Institut, Berlin, Germany, and at the KWS2 instrument located at the FRJ-2 reactor of the Forschungszentrum of Jülich. In the first case, a neutron beam of l ¼ 7 Å with a spread Dl=l ¼ 0:1 was used. A 2D detector allowed the collection of data in an interval of transferred moment q ranging between 0.003 and 0.15 Å À1 . In the latter case, neutrons with an average wavelength l of 6.2 Å and a wavelength spread Dl=l,0:1 were used. A two-dimensional array detector at three different sample-todetector distances, 2, 8, and 20 m, detected neutrons scattered from the samples. These configurations allowed measurement of the scattered intensity in a range of the transferred moment q between 0.002 and 0.18 Å À1 . The measurement time ranged between 30 and 120 min per sample. The obtained raw data were corrected for electronic background and empty cell scattering. Detector sensitivity corrections and transformation to absolute scattering cross sections dS=dVðqÞ were made with a secondary Plexiglass standard according to the equation
where subscripts P and S are for Plexiglass and sample, respectively. The cell thicknesses and transmissions are indicated by d and T, respectively, whereas L S and L P are detector distances at which sample and Plexiglass were measured to get I S and I P . Raw data were also corrected for intensities of background, I bck , and empty cell, I EC . Finally, data were radially averaged and absolute scattering cross sections were obtained.
Cryogenic transmission electron microscopy
Cryo-TEM is a suitable technique for the direct visualization of surfactant aggregates ranging in size from ;5-10 nm to 1 mm. The samples were prepared and transferred according to the usual procedure. The sample was placed in the controlled environment vitrification chamber at room temperature, to avoid water evaporation and to ensure cryofixation of the specimen at 25°C (20) . A 5-mL drop of the sample solution was applied on a copper electron microscopy grid with a holey carbon film, and excess solution was blotted with a filter paper, to create a thin sample film spanning the holes in the carbon film. Then the grid was rapidly plunged into liquid ethane at its melting temperature. The vitrified specimen was then transferred under liquid nitrogen environment by use of a cold stage unit into the electron microscope. A Philips CM120 BioTWIN Cryo electron microscope operating at 120 kV was used.
RESULTS
Self-diffusion
The self-diffusion coefficients were measured for the (C18) 2 DTPAGlu-water, (C18) 2 L5CCK8-water binary systems, and for the (C18) 2 DTPAGlu-(C18) 2 L5CCK8-water ternary system. For each system, the total solute molality was 100 times greater than the corresponding cmc values (17) . Under these conditions, the unimeric species contributions are negligible, and only the amphiphilic molecules present in the aggregates are responsible for measured self-diffusion coefficients. Because of the line broadening due to the paramagnetic ion, no self-diffusion measurements could be performed on the systems containing (C18) 2 DTPAGlu unimer as Gd complex. In the ternary system, the DOSY experimental evidence indicates that the solutes present in solution form mixed aggregates and diffuse together. The experimental selfdiffusion coefficients, D, are collected in Table 1 . In the approximation of very diluted solution the data can be directly related to the hydrodynamic radii (see Table 1 ) of the aggregates, R H , through the Stokes-Einstein equation, which holds for noninteracting hard spheres diffusing in a continuous medium:
where k B is the Boltzmann constant, T the absolute temperature, and h the medium viscosity. Inspection of Table 1 shows that in all cases R H is clearly larger than what is reasonable for spherical aggregates (21) . This means that some of the assumptions on which Eq 3 is based are not valid, i.e., strong intermicellar interactions are present, or the micelle shape is far from spherical.
Binary systems: (C18) 2 DTPAGlu-water and (C18) 2 L5CCK8-water
In aqueous solution, (C18) 2 DTPAGlu micelles present a self-diffusion coefficient that is significantly lower than that measured for the single-tailed analog. In fact, although C18DTPAGlu forms spherical micelles with a relatively small hydrodynamic radius (37 Å ), the high R H value obtained for (C18) 2 DTPAGlu is not compatible with the spherical shape (15) . (C18) 2 L5CCK8-water forms micelles with a D lower than that obtained for (C18) 2 DTPAGlu, and, consequently, a higher R H value.
Ternary system: (C18) 2 DTPAGlu-(C18) 2 L5CCK8-water
Self-diffusion measurements indicate that (C18) 2 DTPAGlu-(C18) 2 L5CCK8 mixed aggregates present hydrodynamic dimensions similar to those of (C18) 2 DTPAGlu pure aggregates.
DLS
DLS measurements were made on (C18) 2 DTPAGlu-(C18) 2 L5CCK8 and (C18) 2 DTPAGlu(Gd)-(C18) 2 L5CCK8 aqueous solutions at different scattering angles (u) ranging from 45°to 140°.
Ternary system: (C18) 2 DTPAGlu-(C18) 2 L5CCK8-water Fig. 2 a shows a typical measured intensity correlation (pseudocross) function for the system at 90°. The corresponding relaxation time distribution [tA(t) versus log(t/ms)], obtained by regularized inverse Laplace transformation of the correlation function, is presented in Fig. 2 b. The distributions were bimodal at all angles studied and consisted of a small-amplitude fast peak and a large-amplitude slow peak. The apparent size of the aggregates formed in the ternary system was also determined from DLS measurements. In the limit of small scattering vectors, q, the apparent collective diffusion coefficient (D) for a translational process at finite concentration can be calculated from the relaxation rate G, which is obtained from the first moment of the translational mode in the relaxation time distribution. D can then be estimated from the slope of G, as a function of q 2 (see Eq. 6 in the DLS paragraph of the Appendix). Both modes were found to be diffusive and the values obtained for the fast and slow modes were D fast ¼ (30.9 6 0.9) 3 10 À12 m 2 /s and D slow ¼ (2.9 6 0.2) 3 10 À12 m 2 /s, respectively ( Table 2 ). The apparent hydrodynamic radii, R H , were evaluated from these values, using the Stokes-Einstein equation (Eq. 3), as 64 6 2 and 687 6 38 Å , for the fast and slow modes respectively. We can conclude from these DLS measurements that two types of aggregate exist in the (C18) 2 DTPAGlu-(C18) 2 L5CCK8-water system under the present conditions: micelles and bigger aggregates, such as bilayer structures, as revealed below by SANS results.
Ternary system: (C18) 2 DTPAGlu(Gd)-(C18) 2 L5CCK8-water DLS measurements were also performed on a mixed system in which gadolinium ion was complexed by the chelating agent unimer. The obtained relaxation time distribution was bimodal, as in the gadolinium free case, and was clearly dominated by the slow mode (Fig. 3) . The apparent translational diffusion coefficients obtained for the fast and slow modes were D fast ¼ (33.2 6 0.2) 3 10 À12 m 2 /s and D slow ¼ (2.5 6 0.3) 3 10 À12 m 2 /s, with corresponding R H values of 61 6 4 and 810 6 110 Å ( Table 2) .
pH effect
The aggregation behavior of the (C18) 2 DTPAGlu(Gd)-(C18) 2 L5CCK8 system was also studied by DLS as a function of the pH over a large pH range (pH 7.4-3) because of the increasing importance of pH-sensitive contrast agents.
The pH values selected for this study were pH 7.4, which corresponds to physiological pH condition; pH 4.5, because of the pK a of carboxylic acids; and, finally, pH 3, since the extracellular fluid of tumor cells is acidic. It is observed that the relaxation time distributions clearly vary upon decreasing the pH (Fig. 3) , providing an indication of the structural evolution of the aggregates in solution. At pH 7.4, as discussed above, the distribution is bimodal, that is, micelles and bilayer structures are simultaneously present, whereas at pH 4.5, the distribution is dominated by one relaxation mode. Further acidification to pH 3 does not modify significantly the monomodal picture. The low-amplitude peaks at faster times are artifacts that originate either from the inverse Laplace transformation calculation or from the decreased solubility of the sample at low pH values. The linear relation between the relaxation rate and q 2 confirms that the observed single relaxation mode is due to a translational diffusion process attributed to an aggregate that diffuses with a D value of (2.9 6 0.2) 3 10 À12 m 2 /s, which corresponds to an R H value of 669 6 40 Å ( Table 2) .
Ionic strength effect Fig. 4 shows relaxation time distributions obtained from the DLS data at different scattering angles on the (C18) 2 DTPA-Glu(Gd)-(C18) 2 L5CCK8 aqueous solutions at physiological pH containing sodium chloride, NaCl, at 0.9 wt %, a value corresponding to the physiological ionic strength condition. The relaxation time distributions are monomodal at all angles, showing one broadened peak (data not reported). This mode, which is diffusive, is attributed to Diffusion coefficients (D) and hydrodynamic radii (R H ) obtained by DLS measurements. The terms fast and slow refer to micelles and bilayer structures, respectively. Number of aggregation (Nagg), radius (R) and length (l) of the micelles, and thickness (d) of the bilayer structures obtained by SANS measurements.
an aggregate, probably a bilayer structure, with apparent translational diffusion coefficient D ¼ (6.8 6 0.3) 3 10 À12 m 2 /s and an apparent hydrodynamic radius R H ¼ 292 6 124 Å .
SANS
SANS measurements were carried out on selected samples according to DLS results to gain structural parameters of the different aggregates.
The small-angle neutron scattering data of the samples containing the mixed system (C18) 2 DTPAGlu-(C18) 2 L5CCK8 at different ratios are presented in Fig. 4 . The common feature of all the samples analyzed is the coexistence of bilayer structures and micelles. Inspection of the figure shows that all systems exhibit a power law according to an exponent d characteristic for certain spatial arrangements of our molecules in the aggregation structure. At low q values, all samples show an exponent d ¼ 2, typical of planar structures. In the intermediate q range (0.02 , q , 0.1 Å À1 ), the scattering profile slope changes and a smooth decay characteristic of different-shaped micelles is observed. In most of the cases, a q À1 power law is present in the scattering profiles, as expected for rodlike micelles. As the amount of (C18) 2 L5CCK8 in the aggregates is raised, the extension of the q À2 power law relationship increases. Because the concentration of the (C18) 2 DTPAGlu is roughly constant in all samples, the experimental evidence reflects the increase of the bilayer structure density in the systems.
Ternary system: (C18) 2 DTPAGlu(Gd)-(C18) 2 L5CCK8-water
The contemporary presence of (C18) 2 L5CCK8, which is interposed among the polar heads of the chelating agent shielding the electrostatic repulsions, and Gd 31 , which reduces the charge of the DTPAGlu moiety drastically (from À5 to À2), supports the formation of bilayer structures so that the scattering profile is dominated by a very extended range of a q À2 power law, though a rising peak at q ¼ 0.06 Å is present, as seen in Fig. 5 (open triangles).
pH effect pH has a drastic effect on the aggregates formed by our molecules, as revealed by the SANS results presented in Fig. 5 for (C18) 2 DTPAGlu(Gd)-(C18) 2 L5CCK8 samples. Both the samples at pH 4.5 and 3 (solid squares and diamonds, respectively) are characterized by an extended range of q -2 as for bilayer structure should be expected and no evidence of any detectable peak due to the presence of small aggregates as micelles is observed.
Ionic strength effect
To investigate the effect of the physiological ionic strength in determining the nature of the aggregates formed by our molecules, small-angle neutron scattering measurements were 
Cryo-TEM
Cryo-TEM images were collected only on systems in which the DTPAGlu derivative complexes the gadolinium ion, in conditions of different pH and physiological ionic strength, since these are the most interesting aggregates in the scope of the research presented here. At pH 7.4, images were dominated by the presence of elongated micelles, which appear as fibers, and planar symmetric bilayers. The latter appear as stiff tubular molecular arrangements;150 nanometers long (Fig. 6 a) . The images reveal that these bilayer structures tend to crowd together, forming a sort of texture with an asymmetric geometry. When pH is lowered, as shown by scattering techniques, the tendency to form bilayer structures increases. At pH 3, the images were characterized by the presence of planar bilayers coexisting with vesicles with a diameter of ;120 nm ( Fig. 6 b) . The images collected in the presence of sodium chloride show a higher number of bilayer structures compared with the system at pH 7.4, in the absence of salt; Fig. 7 shows a vesicle surrounded by fibers.
DISCUSSION
Analysis of the data collected in the Results section allows a number of interesting observations regarding the system presented in this work. The two monomers studied coaggregate, forming mixed aggregates, and thus diffuse together, as indicated by PGSE-NMR measurements. At pH 7.4, they form essentially elongated micelles. Furthermore, both the DLS and SANS results reveal the coexistence in solution of two different aggregates: micelles with an elongated shape and bilayer structures. Similar results have also been found for the (C18) 2 DTPA-Glu-water binary system (15) . However, with respect to the latter, in mixed aggregates the presence of the peptide unimer favors the formation of bilayer structures, as indicated by the magnitude of the relaxation-time distribution, which in the same conditions (total concentration, pH) appears noticeably larger than that found in the pure (C18) 2 DTPAGlu binary system. The presence of uncharged peptide unimer that interposes between the charged headgroups of the chelating agent unimer, decreasing the strong headgroup-headgroup electrostatic repulsions, probably supports the formation of large aggregates with a low radius of curvature. In other words, the addition of uncharged molecules in the (C18) 2 DTPAGlu aggregates promotes a transition from small aggregates, such as micelles, to larger-size structures such as lamellar aggregates or vesicles. The transition appears to be smooth and there are not clear break points indicative of an abrupt transition. This is clearly shown by SANS results, where, upon raising the amount of (C18) 2 L5CCK8 in the aggregates, the extension of the q À2 increases (see Fig. 4 ). Furthermore, due to the uncharged unimer insertion, the lamellar aggregates reach a size of the order of 1000 Å , as suggested by the flattening of the scattering intensity at low q (;0.005 Å À1 ) ( Fig. 4, circles) .
The complexation of DTPAGlu with the paramagnetic Gd 31 ion decreases strongly the actual charge of the headgroup of the surfactant, and consequently also the high electrostatic repulsions between the different headgroups, favoring in turn the formation of lamellar aggregates. This is observed from the DLS results: the slow relaxation mode becomes slower when Gd 31 is present than in its absence (Fig. 3) . This is in agreement with the SANS results, where a scattering profile with a power law of q À2 spans a larger q range (Fig. 5 ). However, we note that in this system also a certain number of micelles are present.
From a structural point of view, the radius and the length of these micelles are similar to those observed in the system containing DTPAGlu unimer in uncomplexed form ( Table 2 ). The thickness of the lamellar aggregate containing gadolinium ion decreases from 70 to 50 Å , suggesting a better packing of the molecules in the double layer due to the decrease of the electrostatic repulsions. The extracted structural parameters allow us to deduce a possible picture of the aggregates formed by our molecules and thus to evaluate the effect of the spacer length on the surface of the aggregates, which was one of the aims of this work.
As mentioned, the dimension of the PEG coil is crucial in determining the shape of the aggregates and guaranteeing an efficient exposure of the peptide. In Fig. 8 , we present a schematic picture of the organization of the two monomers on the surface of the aggregates based on the structural parameters evaluated by SANS fitting. In particular, according to our experimental evidence, the molecule containing the CCK8 was allocated in the aggregate with the oxyethylen glycol spacer extended through the outer shell beyond the surface of the aggregates. The part of the spacer in the hydrophilic shell was assumed to be in its extended form (4-5 oxyethylene units, for a length of ;15 Å ), whereas the part exposed beyond was supposed to be in its random coil configuration. In a previous article, Paduano and co-workers (22) assumed the hydrodynamic radius of this part to be equal to that obtained from the Stokes-Einstein equation applied to diffusion coefficients measured on the oxyethylene glycol series . As shown in Fig. 8 , for a mixed sample (70:30 molar ratio), the size of the oxyethylene glycol units cover ;20% of the surface of the aggregates and the peptide moieties are quite separated and well exposed (;15 Å beyond the aggregate surface). We note that Johnsson has evaluated the extension of oxyethylene units present on self-assembled amphiphilic molecule using a more precise method proposed by Vagberg (16) . The value presented by Johnsson for an oxyethylene oligomer consisting of 10 units, such as that used here, is in agreement with what we have estimated, as described above.
The effect of the structural dependence of the (C18) 2 DTPA-GluGd-(C18) 2 L5CCK8 aggregate on environmental conditions such as pH and ionic strength has also been studied. Particular emphasis has been given to the pH aggregation behavior dependence, since pH-sensitive contrast agents represent a new attractive class of contrast agents in MRI. The pH effect on the aggregation state depends on the presence of carboxylic groups in the chelating agent unimer. The protonation of these carboxylic groups results in a decreased electrostatic repulsion between the headgroups. In fact decreasing pH leads to the formation of larger aggregates, such as lamellar structures, that are further favored by the presence of uncharged (C18) 2 L5CCK8. In fact, previous investigations have shown that in the absence of (C18) 2 L5CCK8 the (C18) 2 DTPAGlu (as free base or as Gd 31 complex) at pH 4.5 forms both vesicles and micelles (15) ; in contrast, when (C18) 2 L5CCK8 is incorporated in the aggregates the micelles disappear in the system.
The ionic strength has an effect similar to that of pH. The dynamic light-scattering experiments showed that the relaxation time distribution changes from bimodal to monomodal at higher ionic strength. The neutron scattering measurements indicated a similar change upon increasing ionic strength and presented a scattering profile that was nearly the same as that observed for the same system at pH 3, where the system contains only bilayer structures, as discussed above (see Fig. 5 ).
As previously reported, relaxivity measurements performed on the system at pH 7.4 in the absence and presence of salt have shown interesting results: r 1p ¼ 18.6 and r 1 ¼ 21.0 (at 20 MHz and 25°C), respectively (17) . These values are among the highest ever reported in literature for supramolecular contrast agents in MRI (23) .
CONCLUSIONS
In this article, we have reported the upgrade of an amphiphilic supramolecular system with potential application as a tumor-specific contrast agent in MRI. The increased efficiency of the system, with respect to previous aggregates formed only by a molecule complexing gadolinium, is due to the presence of a second molecule containing CCK8, a peptide able to recognize tumor cells. The simultaneous presence in the aggregates of these two molecules allows the ratio between the two active principles to be tuned to achieve a balance between the need for a high enough number of metal ions complexed to show high relaxivity values and the need for a satisfactory number of well-exposed bioactive peptides.
The aggregation behavior of mixed aggregates formed by the two molecules, with the DTPAGlu-containing unimer with the chelating agent as free base or as a gadolinium complex, has been studied by means of different techniques. In both cases, scattering techniques have revealed the presence in solution of micelles and bilayer structures. The formation of the latter is favored when the paramagnetic Gd 31 ion is complexed, because of the decrease of the actual charge of the headgroup of the chelating-agent unimer. The aggregation properties of the (C18) 2 DTPAGlu(Gd)-(C18) 2 L5CCK8-water ternary system have been investigated in a wide range of pH, from 7.4 to 3, and in conditions of physiological ionic strength. When the pH is lowered or an electrolyte such as sodium chloride is added, the intra-and interaggregate electrostatic repulsions are screened, leading to the condition where bilayer structures are the dominant aggregates in solution, as confirmed by cryo-TEM images.
Relaxivity measurements carried out on the systems investigated have produced interesting values (17) . Furthermore, the pH-dependent aggregation behavior contributes interesting properties to the system as a pH-sensitive contrast agent in MRI. To our knowledge, this is the first description of supramolecular aggregates with these appealing features. Such aggregates show great potential for further development in clinical use.
APPENDIX: DATA ANALYSIS DLS
In a DLS experiment, the time (auto or pseudocross) correlation function of the scattered intensity G (2) (t) is measured (24) . The normalized intensity correlation function g (2) (t) is related to the normalized time correlation function of the electric field, [g (1) (t)], by Siegert's relation: (25, 26) g ð2Þ ðtÞ À 1 ¼ bjg
where b (#1) is a nonideality factor that accounts for deviation from ideal correlation and depends on the experimental geometry. g (1) (t) can either be a single-exponential or multiexponential decay with corresponding relaxation times, t, depending on the system investigated. It can be written as the Laplace transform of the distribution of relaxation times, A(t):
The relaxation time distribution is obtained by regularized inverse Laplace transformation of the measured intensity correlation function using calculation algorithm REPES (25, 26) , as incorporated in the GENDIST analysis package (26) (27) (28) . The distributions are presented as tA(t versus log(t /ms). The relaxation rate G (1/t) is obtained from the first moment of the relaxation time distribution, from which the apparent collective diffusion coefficient D of a translational motion can be estimated in the limit of small scattering vectors:
where q is the absolute value of the scattering vector (q ¼ 4pn 0 sinðu=2Þ=l), where n 0 is the refractive index of the solvent, l is the incident wavelength, and u is the scattering angle. Thus, D can be obtained from the slope of G as a function of q 2 , where G is measured at different scattering angles.
SANS
The general scattering cross section contains information about shape, size, and interactions of scattering bodies. Since the analyzed solutions are quite dilute (c , 10 À3 mol kg À1 ), the structure function S(q) can be approximated to the unity, and the scattering cross section is reduced to dS dV ðqÞ ¼ n p PðqÞ 1 ds dV inch ;
where P(q) is the form factor and contains information on the shape of the scattering objects, n p is the number density of scattering bodies, and ðdS=dVÞ inc: is the incoherent scattering cross section. Microstructural parameters of the aggregates were obtained by applying the appropriate model to the experimental SANS data. Indeed, in the analyzed systems, experimental data show the existence of cylindrical micelles and/or the presence of vesicular aggregates.
Scattering from cylindrical structures is characterized by a region where the dS=dV % q À1 power law dependence holds. The single-particle form factor for such micelles can be written as (29) PðqÞ ¼ ðr c Àr 0 Þ 
where l is the length of the cylinders, R the radius of the base, J 1 the firstorder Bessel function, and r c À r 0 the scattering-length density difference between the cylinders and the solvent. Vesicular aggregates cannot be observed in their complete form since the Guinier region of such objects falls almost completely in the USANS domain. As a consequence, the SANS region is characterized by a power law dS=dV % q À2 due to the scattering of the vesicular double layer. Indeed, the q range spanned by the SANS measurements allows us to view the vesicles as randomly oriented planar sheets for which the form factor can be expressed by (30) PðqÞ ¼ 2pðr c À r 0 Þ 2 Sd 2 1 q 2 sin 2 qd 2 À Á qd 2 À Á 2 ;
where d is the plane thickness and S is the plane surface per unit volume. Scattering from solutions containing cylindrical structures has been analyzed using Eqs. 7 and 8, whereas in the systems containing vesicular aggregates, Eqs. 7 and 9 were used. For systems containing both objects, we assumed that each kind of aggregate scattered independently from the other, expressed the cross section as the sum of the form factors weighted for two scale factors (K cyl , K sheets ) the relative number density of the object dS dV ðqÞ ¼ n p K cyl P cyl ðqÞ 1 K sheets P sheets ðqÞ 1 ds dV inch ; (10) and treated the scale factors as adjustable parameters.
By fitting the appropriate model to the experimental data, it was possible to extract the radius R of the cylinders and the thickness d of the sheets.
The length of the cylinders cannot always be extracted from the scattering data in the accessible range of the scattering vector q ðq.0:002Å À1 Þ; as indicated by the absence of the Guinier region at low q. As a result of that, in the tables, large numbers are taken as the lower limit for the real length.
